We report on the results of a six-month photometric study of the main-belt binary C-type asteroid 121
Introduction
121 Hermione is a large main belt binary asteroid classified as a C-type in the Tholen et al. (1989) taxonomy or Ch-type in the Bus and Binzel (2002) taxonomy. The diameter from IRAS thermal IR measurements was given by Tedesco et al. (2002) as 209 +/-4.7 km. Its binarity was recognized in 2002 from adaptive optics (AO) observations (Merline et al., 2002) . Soon afterwards, Marchis et al. (2005) conjectured a bilobed "snowman" shape from high resolution imaging with the Keck 10m telescope in the framework of an astrometric AO campaign carried out in 2003 and 2004 . Apart from these AO observations, this minor planet, member of the Cybele group, is poorly characterized: it has been observed during only four oppositions between 1976 and 1989 (Debehogne et al., 1978 , Gil Hutton, 1990 , Piironen et al., 1994 , De Angelis, 1995 .
Due to the data paucity, it has not been possible to robustly determine the sense of rotation, the sidereal From the full determination of the orbital characteristics of Hermione's satellite (Marchis et al., 2005) , we derived the orbit pole and adopted it as a provisional pole solution for Hermione (λ 0 =1.5±2.0°, β 0 =10±2.0° in ecliptic J2000), based on the absence of any observed or detectable precessional motion of the orbital pole (meaning that we assumed that the satellite orbits in the equatorial plane of the primary). Considering this pole solution, we pointed out that no observations close to the equatorial aspect of the primary had been made so far. Consequently the maximum amplitude should be greater than the measured 0.45 mag in 2004 and the actual shape and size parameters should be revised. On the basis of this pole solution, we predicted that 121 Hermione should reach its equinox in June 2007, 1 http://obswww.unige.ch/~behrend/page1cou.html#000121 fortunately very close to its opposition. We organized a long-term observational campaign for a thorough investigation of its photometric lightcurves. These kinds of photometric measurements are important per se for at least a twofold purpose, i) to determine the asteroid's shape, ii) to refine its rotational properties in terms of period and pole solution. Another reason for observing a binary asteroid system photometrically in an edge-on configuration is the occurrence of mutual events. We successfully estimated the sizes of the main-belt asteroid 22 Kalliope and its moon Linus (Descamps et al., 2008b) via the detection of mutual event in 2007. However, we estimated that in the case of Hermione and S/2001 (121) 1, its moonlet, such events would be barely detectable because their diameter ratio is smaller (~0.08, according the previous measurement made by Marchis et al., 2005) .
Observations

Photometric observations
Observations were acquired using small reflectors located in the Southern hemisphere, suited for observing Hermione since in 2007 its declination was -25°. The target magnitude in visible was typically in the range 12-13. At the Makes Observatory (La Réunion Island, observatory code 181), we used a 0.34m (C14) with a CCD SBIG ST-7 camera (765 X 510 pixels) in V filter. All exposures, with typical integration times of 120s, were recorded under atmospheric seeing conditions of 3".
Observations at LNA (Laboratório Nacional de Astrofísica, Brazil, observatory code 874) were carried out with the 0.6m Boller & Chivens telescope using an R filter. The CCD used was a Marconi CCD of 2048x2048 pixels, model 42. Pixel scale (not binned) was 0.6 arcsec per pixel. All image processing, including bias subtraction and flat field corrections, was performed using the TASP (Traitement astrométrique et photométrique) software package developed by IMCCE. The magnitudes for the asteroid and comparison stars were extracted from each image using the profile fitting photometry technique. Lastly, some observations were made with the University of North Carolina's PROMPT Gamma Ray Burst optical afterglow observatory at Cerro Panchon in Chile. The PROMPT array currently consists of five 0.41-m Ritchey-Chretien telescopes each outfitted with rapid-readout Alta U47+ cameras by Apogee, which make use of E2V CCDs. Images were obtained with a Johnson R filter and were calibrated and reduced with the image processing program MIRA using aperture photometry. The overall accuracy of relative photometry is better than 0.03 mag.
Aspect data are given in Table 1 , including the date of the observation, the geocentric longitude (λ) and latitude (β) of the asteroid, its phase angle (α) and its geocentric distance in AU (r), the peak-to-peak amplitude of the lightcurve and the telescope aperture. Collected lightcurves are displayed in Fig.1 .
Lightcurve amplitudes are all greater than 0.55 mag, value recorded near opposition. At larger phase angles, up to 17°, the change in amplitude is significant and reaches an extreme value of 0.7 mag. This change has a twofold origin, the growing of the phase angle and the changing Earth-asteroid aspect.
The amplitude increases monotically with the phase angle at a mean rate of 0.007mag/day, typical of Cclass asteroids (Zappala et al., 1990 ).
The Phase Dispersion Minimization (PDM) technique (Stellingwerf, 1978) was used to search for the synodic rotation period within the photometric data. Based on a trial period, PDM bins data according to the rotational phase, where we assumed that two maxima and minima occurred per rotation, the average variance of these subsets is compared to the overall variance of the full set of observations. The best estimate of the period is that for which the ratio of the average variance within a bin to the variance of the sample, which defines the statistic θ, reaches a minimum. This method does not assume any sinusoidal variation of the lightcurve and is well suited for unevenly spaced observations. PDM finds all periodic components or subharmonics (alias periods). Thanks to our six months long span of observations, the periodogram for light-time corrected data of 121 Hermione shows a very salient minimum (θ=1.06) corresponding to the synodic period P syn = 5.55096±0.00015 h (Fig. 2) .
Adaptive Optics observations
In addition to AO observations published in Marchis et al., (2005) , we collected additional observation with NAOS (Nasmyth AO System) in May 2006 with Yepun-UT4 telescope, one of the 8.2 m telescopes of the Very Large Telescope (European Southern Observatory) located atop of Cerro Paranal. The observations were recorded in direct imaging using the CONICA near-infrared camera equipped with an ALADDIN2 1024x1024 pixel InSb array of 27 μm pixels with the S13 camera (13.27 mas/pixel scale) in broadband filters J, H and K (from 1 to 2.5 μm). NACO, which stands for NAOS-CONICA, provides the best angular correction (60-80 mas) in this wavelength range. More recently, on September 18 2008, an improved version of the Keck II AO system were used to record 2 additional observations with the NIRC2 infrared camera in Jcont narrow band filter (1.21 μm). Due to exceptional seeing conditions and improvement of the AO quality, the angular resolution on these images was 0.035 arcsec.
The basic data processing (sky subtraction, bad-pixel removal, and flat-field correction) applied on all these raw data was performed using the eclipse data reduction package (Devillard, 1997) . Successive frames taken over a time span of less than 7 min, were combined into one single average image after applying an accurate shift-and-add process through the Jitter pipeline offered in the same package.
Shape of Hermione
High amplitude lightcurves of Hermione
The lightcurve of a spinning body is completely determined by the asteroid shape, lightscattering behavior, and the viewing geometry. Thus the lightcurve of an asteroid can be calculated if one knows its shape, the bidirectional scattering law at every point and the equatorial coordinates of the Sun and Earth. One common simpler shape is a triaxial ellipsoid rotating about its short axis, whose shape is completely parameterized by the ratios b/a and c/a, where a ≥ b ≥ c are the semiaxes lengths.
The amplitude of variation at equatorial aspect and zero phase angle is a measure of the ratio of the largest to the intermediate axis as follows:
From the maximum amplitude observed close to opposition, A max = 0.55, we infer an axes ratio a/b=1.6.
Quite obviously, such a simplified shape cannot mimic at all the morphology of the collected ligthcurves and ignores much of the conspicuous information that distinguishes individual lightcurves.
We know that there is very little albedo variegation on most asteroid surfaces so that we can perform a stringent lightcurve inversion from the bulk of available photometric date in order to assess a more realistic shape model. To perform a thorough investigation of the photometric effect of an irregularly shaped body, it requires numerically modeling the disk-integrated photometric behavior.
Modeling the disk-integrated brightness
The method uses a polyhedron to produce synthetic asteroid lightcurves. Each vertex is given by its (x,y,z) coordinates. In this way, any asteroid shape can be represented by a set of facets. Once the line of sight and the direction of Sun are known, it suffices to select the facets that are both visible by the observer and illuminated by the Sun. The total reflected light is then computed by adding the contribution of each of these active facets. In the special case of a concave shape model, selfshadowing occur at non-zero phase angles. This effect, usually not considered in convex bodies, must be taken into consideration because it may represent a non-negligible amount of the overall brightness variation. Each facet reflects the solar light according to its orientation with respect to Earth and Sun but also depending on the adopted scattering law. The two simplest scattering laws used to model planetary surfaces are the Lommel-Seeliger and Lambert law. The Lommel-Seeliger law is a singlescattering law, suitable for low-albedo surfaces. It requires no parameters; it depends solely on the cosines of the incidence and emission angles (the angles between the surface normal and the directions to the light source and to the observer). The Lambert law is a simple description of a perfectly diffuse surface. It is a multiple-scattering law that adequately describes high-albedo surfaces. The Lambert law is S L = μ μ 0 and the Lommel-Seeliger law is S LS =S L /(μ+ μ 0 ), μ and μ 0 are respectively the cosines of angles of emission and incidence. The adopted bidirectional reflectance law is a linear combination of the Lommel-Seeliger and Lambert scattering models, S(μ, μ 0 ) = S LS (μ, μ 0 ) + c.S L (μ, μ 0 ), with c=0.1. Table 1 ), and 19 from the present run.
Non-convex shape model of Hermione
The general nonconvex shape and spin model was constructed by combining two data modes, photometry and limb/shadow contours from AO images, with the principle described in Kaasalainen and Lamberg (2006) and Kaasalainen (2009) . In the AO+LC algorithm, the joint chi-square is minimized with the condition that the separate chi-squares for the two modes be acceptable and mutually optimal. The lightcurve fitting procedure is described in , and the contour fitting method and the optimal weighting of different data modes are described in detail in Kaasalainen (2009) . Nonconvex shape modelling also requires a smoothness constraint (regularizing function) to suppress artificial details in the model, i.e., we chose the simplest model able to fit the data successfully.
As discussed in Kaasalainen (2009) , profile and shadow contours (when several viewing angles are available) contain, in fact, almost as much information on the shape and spin as direct images. In adaptive optics, the contours are also more reliable than the actual brightness distributions in deconvolved images, so the modelling is indeed best done by combining contours rather than images with lightcurves. What is more, no scattering model for the surface is needed in the contour mode of AO-data inversion, and the LC-part is not sensitive to the scattering model .
The procedure is also directly applicable to combining photometry and occultation measurements.
The standard version of the AO+LC code used here employs a function series in spherical harmonics to represent the radii lengths in fixed directions . In addition to reducing the number of free parameters and providing global continuity, the function series, once determined, gives a representation that can be directly evaluated for any number of radii (or any tessellation scheme) without having to carry out the inversion again. The number of function coefficients, rather than the tessellation density, determines the level of resolution. Strongly bifurcated shapes are not "starlike". A starlike figure can have concavities, but not so extreme that the surface folds back on itself as seen from the center of mass. That is, the radius vector from the center to any point on the surface is single-valued. Convex, or "convex hull", is a figure that has no concavities. The easiest way to think of this is the shape one would have if you put "shrink wrap" around the actual figure. A "non-starlike" figure has concavities so extreme that a radius vector in certain directions is multi-valued. Hermione appears to be a borderline case: the radius representation reproduces the observed AO images well, considering the uncertainties in contour determination. However, the shape model and AO images obviously suggest a somewhat bifurcated body, so the model should be taken as a conservative estimate. The choice of shape representation introduces a bias in the estimation of the degree of bifurcation, so, e.g., a two-lobed contact binary model would always encourage more bifurcated solutions. Contour determination is defined for general shapes in Kaasalainen (2009) , and we plan to have a more detailed look into the AO+LC shape solutions (and their biases and systematic errors) for shapes more complex than starlike ones in a future paper. Figure 1 shows the synthetic lightcurves yielded by the non-convex "bean" shape solution displayed in Fig. 3 . They match all available observations. The sidereal period was simultaneously determined in the course of the inversion process, using the synodic period as initial guess, and fitted to P sid = 5.550878±0.000003 h together with the pole direction expressed in J2000 ecliptic coordinates, λ=3.8 ± 3° and β=+12.5 ± 10°.
Size of Hermione from direct comparison with Adaptive Optics images
The tridimensional shape model depicted in the previous section was used to pin down the equivalent diameter of Hermione, taken as the equivalent sphere that contains the same volume as the shape model, by scaling it to the contours provided by our high resolution images. Usually, raw images are still slightly fuzzy so that we cannot readily distinguish the silhouette of the object. Therefore, we have applied a laplacian filter in order to enhance the edge by highlighting regions of rapid intensity change.
These images were thereafter processed through a morphological analysis to precisely extract the enhanced edges. The morphological treatment applies a gradient operation through a structuring 2-dimensional element or morphological mask which is passed over the image. The final contour is then extracted from the contoured image by taking isophots in the range 2-10% of the maximum brightness in order to precisely catch the object edges highlighted by the morphological processing. The best selected images of Hermione, recorded with the 10-m Keck telescope, are displayed on This diameter is ~10% smaller than its IMPS diameter of 209 ± 5 km, based on radiometric measurements made by the IRAS telescope (Tedesco et al., 2002) . Such a similar trend with respect to IMPS data has been recently noted for another main belt binary asteroid, 22 Kalliope (Descamps et al., 2008b) .
Estimate of the geometric albedo
Four of the sets of observations in the literature are absolute photometry and can be used to establish a proper albedo for Hermione, using the shape model from lightcurve inversion and scale from AO observations. The maximum V-band brightness at the observed phase angle α, V o (α) has been estimated. Table 2 gives the tabulated phase angle, V o (α) and H o (G = 0.09). For each one the viewing aspect has been reconstructed for the orientation where the synthetic lightcurve is maximum unless otherwise stated. These absolute measures are corrected for the ratio R eff /R eq , where R eff is the crosssectional area:
where we can take the R eq of 94 km. Finally, adopting G = 0.09, we get a mean H o value of 7.51 ± 0.2.
Since a sphere is the shape with the smallest surface area, the "equivalent sphere" cross-section is very much less than the "average" projected area of the real body, and corresponds to fainter than "average" brightness. This explains why we get a number considerably fainter than the hitherto accepted H value of 121 Hermione (7.31 from Tholen et al., 2007) , which is intended to be some sort of "average" brightness at "average" aspect. The geometric albedo we derive, corresponding to an equivalent radius of 94 km and an H magnitude of 7.51, is p v =0.0495 ± 0.01 3 . (PI: F. Marchis, GO #40164). 121 Hermione was one of the targets on our list and was observed spectroscopically using the low-resolution (R=64-128 from 5.2 to 14.1 μm) and high-resolution modes (R=600, from 9.9 to 19.6 μm) on September 30 2007 at 23:56 UT. The processed thermal spectra were analyzed using the NEATM model (Harris 1998) Hermione was also observed twice on each of three dates in August -September 1983 by IRAS. We re-analyzed the IRAS data (excluding low-quality data from one sighting) using the NEATM model and derived an effective diameter of D = 204.0 ± 8.8 km. Using our pole solution, the non-convex model and our equivalent size (D eq = 188 km) for the primary, we calculated the projected equivalent diameter for each IRAS sighting. The asteroid was seen close to a pole-on configuration (Hermione sub-Earth latitude of -40°) and our calculated effective diameter (212.1 km) is in very good agreement with the IRAS measurements.
Agreement from thermal observations
In terms of equivalent diameter, we would have for Spitzer data, D eq =191.7 ± 8.6 km; For IRAS data, 181.8 ± 8.8 km; and for AO, 188.0 ± 6 km. A weighted mean diameter from these three values yields the final adopted equivalent diameter, D eq =187 ± 6 km. Table 3 .
The methodology for measuring positions and fitting a new keplerian orbit solution is described in Marchis et al. (2005) . The updated orbital elements are listed in Table 4 . The satellite orbit, which is circular, most likely has been circularized by tidal interactions between the satellite and the primary, as seen for various binary asteroids in the main-belt (Marchis et al., 2008) . The orbit seems to be equatorial since no precession motion has been detected over 5 years of observations. The root mean square error (RMS) of the whole set of data is of 28 mas in X and 36 mas in Y. Furthermore, new measurements of the secondary/primary flux ratio from 2006 and 2008 images clearly indicate that the size ratio was substantially underestimated from earlier observations (Fig. 8) . The new inferred size ratio is of 0.17 instead of 0.08, implying a diameter of the satellite of ~32 km, or twice the value derived from past adaptive optics observations (Marchis et al., 2005) . A relative low signal-to-noise ratio of adaptive optics images collected in 2003 and 2004 could explain such this discrepancy. The Keck AO system has been improved significantly over the last 4 years and the images are almost twice better resolved on bright target such as 121 Hermione (see Fig. 4 and Fig. 5 ).
Revisiting the main physical characteristics
The main refinements are in the semi-major axis and the observed period (Table 3 ). The total mass of the system M T comes from the observed period and the knowledge of the J 2 which is computed to be 0.28 from the present shape model of Hermione assuming a homogeneous interior. According to the generalized Kepler's third law:
Where G is the gravitational constant, n = 140.449 °/day is the sidereal mean motion (the observed angular velocity), a = 747± 11 km the radius of the circular orbit and D eq =187 ± 6 km the equivalent diameter of Hermione. We infer M T = 4.7 ± 0.2 x10 18 Kg and a bulk density ρ = 1.4 +0.5/-0.2 g/cm 3 .
The error bar accounts for the fact that the real volume might be as much as 20% less than the model volume due to concavities. 121 Hermione is classified as a Ch-type asteroid because of its relatively flat visible spectrum and the presence of a 0.7 μm absorption feature. This feature could be due to the presence of oxidized iron embedded in phyllosilicates formed through aqueous alteration processes (Vilas & Gaffey 1989) . It is there very likely that low density hydrated CI & CM chondrites are the best meteorite analogs. They have grain densities around 2.1 g/cm 3 (Britt and Consolmagno, 2003) which implies a macroscopic porosity of ~33+5/-20%, close to the adopted lower porosity for loose rubble or soils (Britt et al., 2002) . However, more dry or Fe-rich carbonaceous meteorites have densities between 2.9 and 3.5 g/cm 3 implying substantially higher macroscopic porosities. Further spectroscopic observations could provide some valuable information about its surface material able to constrain the grain density.
Conclusion
We have established the slightly bifurcated shape of Hermione. As a consequence, we have been able to interpret and exploit some past adaptive optics observations allowing us to determine a new value of the primary's equivalent diameter (D eq ~ 187 km), which is ~10% smaller than the published IRAS radiometric diameter. We have found that this discrepancy is due to a near-polar view by IRAS, so the thermal flux measurements by IRAS are consistent with our estimates of size within a few percent. After refining the orbit solution of the small 32-km diameter satellite, we have inferred new physical characteristics, such as bulk density (1.4 +0.5/-0.2 g cm -3
) and macroscopic porosity (~33 +5/-20%).
While the resulting macroporosity of 121 Hermione's primary seems to be equivalent to those of other main-belt binary asteroids, we caution that new careful estimations of the sizes of other main-belt binary asteroids should be made before drawing general inferences regarding their macroporosity. To this end, in those cases in which sufficiently accurate knowledge of the shape and the rotational properties of the primary are available, high resolution imaging with adaptive optics or mutual events photometry, combined with thermal observations, should be pursued to provide new size estimates. We thank our reviewer, Alan W. Harris for his constructive suggestions which tremendously improved this manuscript. 
